The valence ionization and double ionization spectra of the water molecule, of the water dimer, and the cyclic water clusters ͑H 2 O͒ 3 and ͑H 2 O͒ 4 are calculated by ab initio Green's function methods and discussed in some detail. Particular attention is paid to the analysis of the development of the spectra with increasing cluster size. Electronic decay following inner valence ionization is addressed and a crude estimate for the kinetic energy spectrum of the secondary electrons is given for the clusters.
I. INTRODUCTION
Water is an ubiquitous liquid with particularly interesting properties induced by the H bonds and strong impact on everyday life. Naturally, water has attracted major interest in experimental and theoretical research. As it is expensive to study liquid or solid water by quantum chemical calculations, clusters consisting of two to several water monomers have often been studied to understand the properties of intermonomeric bonding or structural properties, see, for example, Refs. 1-3 and references therein. Accurate quantum mechanical calculations have in this way helped to parametrize model potentials, which are used to simulate solvation processes and liquid water in general. [4] [5] [6] Among the water clusters, the water dimer, in particular, attracts a lot of experimental [7] [8] [9] [10] and theoretical effort because it is suspected to play a very important role in atmospheric chemistry. 11, 12 As the water dimer has been addressed over a large time interval and is still a topic of current research, it has evolved to a test case for new methods. 13, 14 With the theoretical prediction 15 of a new electronic relaxation process following inner valence ionization of molecular clusters leading to electron emission, the study of water clusters and their ionization, in particular, has gained additional attraction. Even though the new deexcitation process intermolecular Coulombic decay ͑ICD͒ was already predicted to take place following double ionization of water clusters, 15 it was not yet studied following single ionization. In this contribution, we discuss the single and double ionization spectra of the water clusters ͑H 2 O͒ 2 , ͑H 2 O͒ 3 , and ͑H 2 O͒ 4 in their ground state geometry employing ab initio Green's function methods. The development of the spectra with growing cluster size is discussed with particular emphasis on electronic decay processes following water inner valence ionization.
Previous studies on ICD following Ne͑2s͒ ionization in neon clusters [16] [17] [18] [19] have inspired several experiments, which have lead to experimental results on ICD in larger clusters as well as to detailed coincidence measurements of secondary electrons and Ne + fragments which are products of the ICD decay following Ne͑2s͒ ionization of the neon dimer. [20] [21] [22] With this work, we hope to stimulate experimental work on ICD in water clusters by analyzing the properties of ionization and double ionization spectra of the clusters in general and their evaluation with increasing cluster size and by defining the energy interval for the ICD electrons.
II. COMPUTATIONAL DETAILS
All ionization and double ionization spectra have been calculated by propagator methods. [23] [24] [25] [26] Propagator methods allow for the direct computation of ionization energies by searching the poles of an approximation to the full Green's function. The corresponding pole strengths are related to spectral intensities, which are a measure for the intensities in an experimental spectrum. The poles and pole strengths of the approximated Green's function are derived by solving an eigenvalue problem.
The one-particle Green's function is evaluated according to a third order algebraic diagrammatic construction ͓ADC͑3͔͒ scheme. The ADC scheme transforms the problem of determining the poles and the corresponding pole strengths of the approximated Green's function to a matrix eigenvalue problem utilizing a diagrammatic perturbation theory based on a Hartree-Fock ͑HF͒ ground-state ansatz. [27] [28] [29] We adopt the following nomenclature throughout this contribution: configurations derived from the HF ground state by removing one electron from an occupied orbital are referred to as one hole ͑1h͒ configurations. Configurations derived by adding an electron to a virtual orbital of the HF ground state are referred to as one particle ͑1p͒ configurations. 2h1p and 2p1h configurations are accordingly derived from the HF ground state by removing two electrons from occupied orbitals and adding one particle to a virtual orbital, or adding two electrons to virtual orbitals and removing one electron from an occupied orbital, respectively.
Owing to the Dyson equation 23 behind the ADC͑3͒ approach applied here, the ADC͑3͒ matrix includes, in addition to the large ionization block spanned by all 2h1p configurations, an even larger affinity block spanned by all 2p1h configurations. These two blocks, in particular, the 2p1h block, are the leading contributions to the matrix dimension. There is no direct coupling between the 2h1p and the 2p1h block of the ADC͑3͒ matrix. The two blocks are coupled indirectly via their respective coupling to the comparingly small 1h and 1p blocks of the ADC͑3͒ matrix. Because of the absence of direct coupling of the 2p1h block to the 2h1p block, the former may be replaced by an approximation of small dimension, which preserves the information of the correct spectral envelope. This reduction is done by a few iterations of the Block-Lanczos algorithm [29] [30] [31] to the affinity part. The reduction of the affinity part leads to a substantial reduction of the largest matrix dimensions per irreducible representation from 23 000 to 2200 for ͑H 2 O͒ 2 /aug-cc-pVDZ, 150 000 to 16 000 for ͑H 2 O͒ 3 /aug-cc-pVDZ, and 110 000 to 15 000 for ͑H 2 O͒ 4 /aug-cc-pVDZ͑O͒cc-pVDZ͑H͒. All matrices, except the ͑H 2 O͒ 2 ADC͑3͒ matrix, which was subjected to an exact diagonalization, were approximately diagonalized by applying 400 Block-Lanczos ͑block size= size of 1h + 1p block͒ iterations, such that the part of the ionization spectrum discussed in this contribution was converged according to a residue criteria.
To characterize the ionized states, we apply a Mullikentype 1h population analysis. 32 It assigns the ionized states to the contributing atoms of cluster monomers. This information may be derived from the 1h information of the ͑approxi-mated͒ eigenvector of the respective ionized state. Double ionization spectra are provided by calculating the poles and pole strengths of the particle-particle propagator. The particle-particle propagator is approximated according to a second-order algebraic diagrammatic construction ͓ADC͑2͔͒ scheme based on the HF ground state. The configuration space of the ADC͑2͒ method is spanned by all 2h and all 3h1p configurations. 33, 34 The ADC͑2͒ matrix is a high-dimensional matrix because of the large number of 3h1p configurations which have to be taken into account. It is thus favorable or even necessary to avoid the storage of the matrix. Consequently, we performed direct ADC͑2͒ calculations, which means that the ADC͑2͒ matrix is never explicitly built up and stored on hard disk. 35 Matrix element blocks are calculated from suitably sorted two-electron integrals and orbital energies when they are needed for the matrixϫ vector multiplication during the Block-Lanczos procedure and are directly passed to the Lanczos diagonalizer. The convergence of the relevant part of the double ionization spectrum was achieved after 400 block iterations, according to a residue criterion. The Block-Lanczos algorithm implemented allows for the calculation of approximate eigenvectors, such that the 2h part of the vectors may be assigned using a 2h-population analysis. 36 The 2h-population analysis indicates the localization of the two holes on cluster monomers.
All Green's function calculations have been performed starting from integrals and HF molecular orbitals ͑MOs͒ and energies computed by the GAMESS-UK program package. 37 Green's function calculations are performed using an ADC program package described in Refs. 29, 30 , and 36 and references therein. As already described above, we used the aug-cc-pVDZ Refs. 38 and 39 basis set taken from a basis set library 40 on all atoms to calculate the spectra of ͑H 2 O͒ 2 and ͑H 2 O͒ 3 . The spectra of ͑H 2 O͒ 4 are calculated omitting the diffuse functions on hydrogen because of restricted computational capacities. The aug-cc-pVDZ basis sets were chosen because they seem to provide a good compromise between the feasibility of the calculations and the accuracy of the results. In all calculations, the O͑1s͒ orbitals as well as their highest-lying virtual counterparts have been excluded from the active configuration space.
III. GEOMETRIES OF THE CLUSTERS "H 2 O… 2-4
The geometries of the water molecule, the water dimer, and the cyclic water trimer were optimized on MP2/aug-ccpVDZ level using the GAMESS-UK program package. The geometry of water was restricted to C 2v symmetry, and the geometry of the water dimer to C S symmetry during the optimization procedure. The geometry of the water tetramer was optimized in S 4 symmetry on MP2/͑aug͒-cc-pVDZ level, which means that no diffuse functions on hydrogen were applied in order to use the same basis set during the geometry optimization and the computation of the ionization and double ionization spectra. The optimized geometries are shown in Fig. 1 .
The geometries of all these clusters have been studied in the literature previously. In particular, the geometries of water and ͑H 2 O͒ 2 are well known. Our structure of the water dimer is not far from the geometries which were derived in previous calculations. In Fig. 2 , the outer valence ionization spectra of the cyclic clusters ͑H 2 O͒ 3 and ͑H 2 O͒ 4 are compared to the spectra of H 2 O and ͑H 2 O͒ 2 . The water spectrum shows the wellknown structure of three lines. The outermost line, which describes the ionization from the lone pair perpendicular to the molecular plane, is found at 12.8 eV. The second line at 15.2 eV describes the ionization of the lone pair in the molecular plane. This MO is involved in the OH bond. The last line at 19.11 eV is assigned to the ionization out of the MO which forms the OH bond. These values are in good agreement with ionization energies calculated by Green's function 41, 42 and configuration interaction methods. 43 The ionization of water clusters, in particular, the ionization of the water dimer, has previously been addressed in the literature. In 1982, the He I photoelectron spectrum of the water dimer was published 44 and the nature and molecular dynamics of the first two ionized states were discussed in a series of subsequent publications. [44] [45] [46] [47] [48] The characeterization of the second ionized state was controversial, finally it was assigned as ionization of the H-acceptor molecule, 48 which is in agreement with our results which are discussed in the following. Three more recent publications address the comparison of the first two ionized states of the water dimer to those of HF -H 2 O and NH 3 -H 2 O, 49 and the molecular dynamics following ionization 50 and multiphotonionization. 51 Fewer publications have appeared on ionized states on larger water clusters. The structural changes of ͑H 2 O͒ 3 and ͑H 2 O͒ n , n =3-6, have been addressed by geometry optimization 52 and trajectory methods, 53 respectively. Valence ionization spectra including the inner valence region are, to the best of our knowledge, not yet available for the water clusters studied here. From the publications addressing the relaxation of the water clusters following ionization, it is obvious that the ionization of water clusters leads to severe changes of the cluster structure, for example, to H transfer. This leads to broad bands in the experimental ionization spectra, which are not found in our numerical results, which consist exclusively of vertical ionization energies.
The ground state geometry of the ͑H 2 O͒ 2 cluster is characterized by two H bond water molecules on perpendicular molecular planes. The outer valence ionization spectrum of ͑H 2 O͒ 2 reflects this geometry. It is composed of two sets of lines. The lines composing the outer valence ionization spectrum of the H donor are approximately 0.8-0.9 eV below the corresponding lines in the ionization spectrum of the water molecule. The ionization energies of the H-acceptor water molecule are 0.6-0.7 eV above the corresponding lines in the spectrum of the water molecule. The energy gap between corresponding lines in the ionization spectrum of the H-donor water molecule and the H-acceptor water molecule is large and not substantially smaller than the energy split of the first two ionization energies of the water molecule.
As the two water molecules of the water dimer are situated on perpendicular molecular planes, corresponding MOs of the two water molecules are also perpendicular, such that they do not mix. The lines of the ionization spectrum of the water dimer are consequently dominated by 1h contributions on one of the two water molecules. The energy gap between corresponding states of the two molecules is thus a result of charge transfer and not of molecular orbital interaction.
The third spectrum shown in Fig. 2 describes the outer valence ionization spectrum of the cyclic ͑H 2 O͒ 3 cluster. As already stated above, the cyclic structure discussed here is very close to a D 3 -symmetric structure with three equivalent water molecules. The outer valence ionization spectrum of ͑H 2 O͒ 3 consists of three line groups, assigned to linear combinations from the respective MOs on each water molecule. Each of the groups is composed of three resolved lines. None of the lines is dominated by 1h contributions on one of the water molecules only. This means that, in contrast to the water dimer, the three water molecules strongly mix. The mixing of the three water molecules composing the water trimer is due to the fact that their molecular planes are not perpendicular in the cyclic structure of ͑H 2 O͒ 3 leading to a nearly D 3 -symmetric structure.
The three groups of outer valence lines of ͑H 2 O͒ 3 , each containing three individual lines, are composed of 1h contributions according to the following principles. In each group, one line is characterized by approximately equal 1h contributions from each of the water monomers, one line is characterized by equal 1h contributions from two of the molecules, whereas the remaining water molecule contributes approximately two-thirds to the third line. One-third of this last line is divided into 1h contributions on the other two water molecules. As a rule, the lines with nonequal 1h contributions of the three water molecules are close in energy, whereas the gap to the "equally" distributed line is larger. This pattern reflects the proximity of the ͑H 2 O͒ 3 structure to D 3 symmetry. A pattern of one line with equal contributions and two degenerate lines with 1 / 2, 2 / 3, 1 / 6, 1 / 6 contributions is characteristic for D 3 symmetry. The deviations from this pattern are thus a measure for the deviation of the cluster geometry from the ideal D 3 symmetric one. The deviation of the cyclic water trimer from D 3 symmetry is most prominently reflected by the line group of the lone pairs perpendicular to the respective molecular plane. Here, the third line shows little contributions from "green" water, whereas green water is overrepresented in the second line to make up for the character of the third line. In addition to the composition of the lines, also the energy gaps between the lines deviate from the pattern discussed above. Instead of finding a small and a considerably larger energy gap between the lines as expected, the energy gaps between the three lines are rather similar.
It is a characteristic of D 3 symmetric clusters containing three water molecules that the position of the line characterized by equal contributions of all three water molecules with respect to the two energetically degenerate lines reflects the relative orientation of the corresponding MOs. In case that the orientation of the MOs of the three water molecules favors a bonding interaction, the line with equal contributions is found at higher ionization energies. In the case of ͑H 2 O͒ 3 , the orientation of the water MOs is such that a bonding combination with equal contributions from all water molecules may be formed for the lone pairs perpendicular to the molecular planes and for the OH levels, but not for the remaining lone pairs in the molecular plane. The equally distributed line of the latter thus shows up at lower ionization energies than the remaining two close-lying lines.
It is noteworthy that the lines in each group in the spectrum of ͑H 2 O͒ 3 are spread over a smaller energy interval than the pairs in the spectrum of the water dimer. Obviously, the three water molecules are rather equivalent in ͑H 2 O͒ 3 , such that all of them act both as H-donor and H-acceptor molecules. The MO interaction described above, which causes the energy gaps between the lines in the spectrum of ͑H 2 O͒ 3 , is weaker than the effect of the charge transfer between H donor and H acceptor in the spectrum of ͑H 2 O͒ 2 , resulting in smaller energy gaps between corresponding lines.
The outer valence ionization spectrum of cyclic ͑H 2 O͒ 4 consists of three resolved lines for each of the three outer valence line groups. The second line of each group hides an energetically degenerate line. The first and the last line of each group are characterized by equal 1h contributions of each of the four water molecules. The degenerate line pair shows equal contributions of each water molecule in total, but not to the individual lines. Contributions of opposite water molecules are equivalent for all lines, though. This line pattern is achieved due to the S 4 symmetry of the cluster, which enforces equal contributions from opposite water molecules. Furthermore, equivalent 1h contributions from all water molecules are found for those lines representing ionization from cluster MOs with zero or two additional nodal planes due to cluster formation with respect to the number of nodal planes in the composing water MOs. Typically, the so-formed line groups are energetically more widespread than corresponding line groups in the spectrum of comparable clusters with three water molecules. This is because the relative orientation of four water molecules in a circle avoiding distortion of the HOH angles allows for a more efficient interaction between the MOs of the molecules than the orientation of three water molecules in a circle avoiding distortion of the H 2 O geometry.
Interestingly, the first ionization potential of the water clusters shows no systematic development with increasing number of water molecules in the cluster. As we have already discussed above, different influences are mapped in the spectra, at least comparing that of ͑H 2 O͒ 2 to the other spectra. It is therefore interesting to intercompare mean values of the groups' ionization energies in a first step to analyze the influence of cluster formation and address the development of the ionization potential afterwards. The mean value of the ionization energy of the lone pairs perpendicular to the respective water molecular plane slightly decreases from 12.85 for water to 12.68 for the water dimer and 12.58, and 12.53 for the trimer and tetramer, respectively. The mean value of the ionization energy of the lone pair in the respective water plane also shows only small changes, 15.16 is found for water, 14.95, 14.96, and 14.89 for the dimer, trimer, and tetramer. The mean ionization energy of the OH bond levels deceases slowly from 19.11 for water to 19.01, 18.86, and finally 18.85 for the tetramer. Obviously, cluster formation from neutral monomers does not change the mean ionization energy of corresponding groups significantly. Nevertheless, the ionization potential monotonically decreases with increasing number of water molecules in the cluster, disregarding the noncyclic water dimer. The decrease of the ionization energies with increasing number of water molecules in cyclic cluster is achieved by stronger interaction between corresponding levels of particular water molecules with increasing cluster size. The impact of MO interaction increases also because the relative orientation of the water molecules becomes more favorable for interaction. This means that a further decrease of the ionization potential of corresponding levels is thus expected with increasing cluster size of cyclic water clusters composed of ͑next to͒ equivalent monomers as long as the molecules are oriented favorable for interaction. As long as the the ring strain is small, the ionization energy of cyclic water cluster can be expected to decrease slowly with increasing cluster size. The mean ionization energy is expected to remain rather constant.
V. INNER VALENCE IONIZATION AND INTERMOLECULAR ELECTRONIC DECAY

A. Spectra and their analysis
The inner valence ionization spectra of the cyclic ͑H 2 O͒ 3 and ͑H 2 O͒ 4 clusters and those of the water molecule and the water dimer are shown in Fig. 3 . Below each of the inner valence ionization spectra, the lowest states in the double ionization spectrum of the respective cluster are depicted. The inner valence ionization spectrum of the water molecule is characterized by a "breakdown of the MO" picture, 54 which means that the intensity originating from the MO is distributed over several ionic states and no main line, representing the majority of the spectral intensity, is present. The inner valence ionized state of water is not at all well represented by its 1h contribution alone.
The breakdown characteristics already present in the isolated water molecule are even more pronounced in the inner valence ionization spectrum of ͑H 2 O͒ 2 , and particularly in those of the larger clusters. The inner valence ionization spectrum of ͑H 2 O͒ 2 is composed of two groups of several lines which gain small spectral intensity. The group belonging to the spectrum of the H donor appears at lower ionization energies than that of the H acceptor. The mean inner valence ionization energy is rather similar to that of the water molecule.
The line groups describing the inner valence ionization of ͑H 2 O͒ 3 and ͑H 2 O͒ 4 are also found at about 33 eV. As all water molecules are equivalent in ͑H 2 O͒ 4 and nearly equivalent in ͑H 2 O͒ 3 , only one group consisting of many lines is found in the spectrum. Individual line groups representing the three and four inner valence MOs are not resolved.
It is interesting to compare the shape of the inner valence ionization spectra of the clusters somewhat more quantitatively. The spectra of water, the water dimer, and the trimer have been calculated using the aug-cc-pVDZ basis set for all atoms. The ionization spectrum of ͑H 2 O͒ 4 was calculated without diffuse functions on hydrogen, such that the difference between the basis sets has to be taken into account in the discussion. The shape of the inner valence ionization spectrum changes from water to ͑H 2 O͒ 3 in that the number of low-intensity lines increases and the spectral intensity of the individual lines decreases. The intensity is obviously spread over an increasing multitude of lines. The spectral intensity is a measure of the 1h contribution to a line, such that the difference to "1" describes the total impact of the 2h1p contributions. The impact of 2h1p contributions increases with increasing number of water molecules in the cluster. Visibly, also the ͑H 2 O͒ 4 spectrum is characterized by a large number of lines with very small spectral intensity, but there exist lines with 1h contributions larger than those in the spectrum of ͑H 2 O͒ 3 . A priori, one would expect the intensities of the individual lines in the spectrum of ͑H 2 O͒ 4 to decrease or at least to remain comparable to those of ͑H 2 O͒ 3 . The numerical finding that this is not the case can be attributed to the lack of diffuse functions on hydrogen.
To analyze the composition of the lines in detail, we have performed a 1h + 2h1p population analysis of the eigenvectors of the inner valence ionized states of water and of Fig. 2 . At the bottom of each figure, a small figure 4 are not available because a full diagonalization of the ADC͑3͒ matrix was not feasible, and a 1h + 2h1p-population analysis is not accessible. The 1h + 2h1p population analysis assigns the contributions of the ADC eigenvectors to particular basis functions applying a Mulliken-type algorithm. In the analysis the contributions of diffuse functions on each water molecule are summed up separately from the contributions of nondiffuse functions for each water molecule and ionic state. The resulting excess charges with respect to the ground state charge distribution are shown in Fig. 4 . The excess charge in nondiffuse functions of each state is plotted by circles, whereas the triangles symbolize excess charge in diffuse functions. For the isolated H 2 O, the states between 30 and 34 eV are characterized by one positive charge in nondiffuse functions and no excess charge in diffuse functions. Above 35 eV, highly excited states with up to two holes in nondiffuse functions and up to one particle in diffuse functions appear due to the breakdown of the molecular orbital picture. The excess charge of the H-donor water molecule of ͑H 2 O͒ 2 is plotted in the right upper part of the Fig. 4 and the excess charge of the H-acceptor molecule is depicted in the lower part of this figure. Obviously, the number of states in the energy region of water inner valence ionization is much larger for the water dimer than for the water molecule. Some states with more than a single positive excess charge in nondiffuse functions and up to one negative charge in diffuse functions are found in the charge distributions. The majority of the states, however, exhibit a different behavior. Here, one positive charge is localized on each of the two water molecules, and the negative excess charge is distributed over the diffuse functions of both molecules. This kind of states is a clear signature of intermolecular electronic decay ͑ICD͒, a mechanism leading to the ultrafast emission of secondary electrons as a consequence of the initial inner valence ionization. The ICD electron is simulated in the calculation by particles in diffuse functions, because continuum electron functions are not included in the calculation. The final dicationic states of the cluster are characterized by two vacancies, each localized on a different H 2 O molecule of the cluster.
B. On ICD
When is ICD following inner valence ionization of water clusters possible? The emission of secondary electrons as a consequence of inner valence ionization is possible if the inner valence ionized state is energetically above at least the threshold of double ionization of the system. We thus have to compare the inner valence ionization spectra of the water molecule and the water clusters to the energetically most favorable doubly ionized states. This comparison is done in Fig. 3 . Double ionization potentials and inner valence ionization energies are also listed in Table I . For the isolated water molecule, the energetically lowest states in the double ionization spectrum are slightly above the higher-lying satellites of the inner valence ionization spectrum and approximately 5 eV above the line carrying the largest spectral intensity. Relaxation of the inner valence ionized states by electron emission is energetically forbidden.
The onset of the double ionization spectrum of ͑H 2 O͒ 2 is below the inner valence ionization energy of the H-acceptor and also of the H-donor water molecules. Electronic relaxation to double ionized states is thus possible. is considerably decreased compared to that of water. The energetically low-lying states of the dication are characterized by delocalized holes, where one hole charge is localized on each of the water molecules. These states are referred to as "two-site states" in the following. Due to the hole delocalization, the Coulombic hole-hole repulsion is much smaller for these states than for the states where both holes are on the same monomer. The latter are referred to as "onesite states." The onset of the "one-site state" double ionization spectrum of ͑H 2 O͒ 2 is indeed above the inner valence ionization energies of ͑H 2 O͒ 2 . Relaxation by electron emission following inner valence ionization of ͑H 2 O͒ 2 thus leads to final states with distributed hole charges. The majority of the states in the ͑H 2 O͒ 2 inner valence ionization spectrum has indeed been found by our analysis discussed above to simulate two-site states and an electron in the continuum. The presence of such states is a consequence of ICD. The mechanism of the ICD process has already been described in detail elsewhere. 16, [55] [56] [57] The ICD mechanism can be briefly described as follows. The initial inner valence hole on molecule 1 ͑M1͒ is refilled by an electron of the same monomer ͑M1͒. The excess energy gained by refilling the hole is then transferred to a second molecule ͑M2͒ of the cluster where a secondary electron is set free. Certainly, an increasing number of accessible decay channels increases the efficiency of this process. Consequently, ICD processes become more and more efficient with increasing cluster size, because more and more decay channels open. This means that the lifetimes of the initial states usually decrease with increasing cluster size. Typically, the line group in the ionization spectrum, which describes the electronically decaying state, is characterized by several lowintensity lines and, if the basis set is sufficiently large, by pronounced line bundles. If the final states are relatively well represented in the basis set chosen despite the fact that the free electron cannot be described, the envelope of the line bundle describes a Lorentzian. The half-width of the Lorentzian is a measure for the decaying state's lifelime. The inner valence spectra of the water clusters, in particular, in those of ͑H 2 O͒ 3 and ͑H 2 O͒ 4 , certainly show line bundles, but as the contributions of different inner valence MOs are not energetically resolved, the profile of the envelop is not a Lorentzian. It is thus not possible to derive lifetimes from the spectra alone. It is nevertheless probable that the lifetimes decrease with increasing cluster size as can be envisioned by comparing the line groups and counting the accessible final states in the double ionization spectrum. It should be favorable to compute the lifetimes by calculating the decay widths explicitly, for example, by propagator/complex-absorbing potential methods
To crudely estimate the distribution of the ICD electrons as function of their kinetic energy, which is of interest for experimental purposes, we make use of the envelopes of the inner valence ionization spectra and of the double ionization spectra of the clusters. The spectral envelopes were calculated by convoluting each individual line by a Lorentian with a half-width of 0.5 eV. The kinetic energy distributions shown in Fig. 5 are derived by assuming that the probability of the transitions is independent of the energy differences between the initial and the final state. The kinetic energy distribution was accordingly derived by summing up all possible products of the envelope of the inner valence spectrum and that of the double ionization spectrum for which the energy difference corresponds to the kinetic energy of the secondary electron considered.
The resulting ICD electron distributions for ͑H 2 O͒ 3 and ͑H 2 O͒ 4 are similar in shape. The majority of the ICD electrons emitted has kinetic energies below 8 eV, and the distributions exhibit local maxima at kinetic energies of 3 and 5 eV. The ICD electron distribution of ͑H 2 O͒ 2 is less structured. 
VI. THE COMPOSITION OF THE DOUBLE IONIZATION SPECTRA OF THE WATER CLUSTERS
The double ionization spectra of clusters are particularly interesting because they consist of two parts. The first part comprises the double ionization spectra of the composing monomers and the second part the spectrum of the mixed double ionized states, describing the ionization of two different monomers of the cluster. Cluster double ionization spectra are therefore more complex and much richer than molecular double ionization spectra, and their assignment is often impossible without the help of suitable quantum chemical calculations.
In this section, we analyze the double ionization spectra of the clusters ͑H 2 O͒ 2-4 and compare them to the double ionization spectrum of water.
The double ionization spectra of water and of the three clusters ͑H 2 O͒ 2 , ͑H 2 O͒ 3 , and ͑H 2 O͒ 4 are shown in Fig. 6 . As expected, the complexity of the cluster spectra exceeds that of the water spectrum by far. Being the reference system for the one-site spectra of the clusters, we discuss first the composition of the double ionization spectrum of water. The double ionization energies of the water molecule may be estimated from the HF-MO energies by adding a repulsion/exchange contribution to the respective sum of the MO energies. As a rule, this energy contribution is approximately 13 eV for the singlet states and about 10 eV for the triplet states. The lowering of the energy of the triplet states is due to exchange energy of the two holes and is approximately 3 eV for the water molecule.
The water double ionization spectrum is accordingly composed as follows. The energetically lowest doubly ion- FIG. 5 . Envelops of the inner-valence ionization spectra ͑A͒ and of the double ionization spectra ͑B͒ of the water clusters ͑H 2 O͒ n , n =2-4. Each line in the spectra has been folded by a Lorentzian. For each spectrum two envelops are depicted, one folded with a Lorentzian with a half-width of 0.5 eV and one with a half-width of 0.1 eV. ͑C͒ shows an estimated distribution of the ICD electrons as a function of their kinetic energy. The kinetic energies are derived from the two 0.5 half-width curves. It has been assumed that the cross section for the transition from an ionized to a doubly ionized state is independent of the kinetic energy of the emitted electron and of the states involved. More details are given in the text. All intensities are not normalized and thus given in arbitrary units.
ized state is a triplet state with one hole charge in each of the two highest-lying outer valence levels. The next state is the singlet state with two holes in the energetically highest level which preceeds the singlet state corresponding to the triplet state. The fourth state is the triplet state describing double ionization with one hole charge in the highest level and one hole charge in the energetically lowest outer valence level and is followed by a group of three states with rather similar energies. These are the singlet state corresponding to the latter triplet state, the singlet state with both holes in the second outer valence level, and the triplet state with one hole in the second and one in the lowest outer valence level. The corresponding singlet state of the latter is the next state and is pursued by the singlet state with two holes in the lowestlying outer valence level.
The first line of the double ionization spectrum where a vacancy in the inner-valence orbital is present is found at 57 eV. It represents a triplet state with an outer valence hole in the outermost orbital. The two other triplet states made of one hole in inner-valence and one hole in one of the remaining outer-valence orbitals follow. The next two individual lines and the line group depicted in Fig. 6 are assigned to the outer valence/inner valence singlet states corresponding to the latter three triplets, and the last line group is related to the inner valence/inner valence singlet state. The latter two groups of lines are not well characterized by their 2h contributions alone, and one may speak of a breakdown of the MO picture for these states.
As already mentioned above, the double ionization spectrum of ͑H 2 O͒ 2 is more complex than that of the water molecule as two-site states with delocalized holes appear and decrease the double ionization potential considerably. We start our discussion of the double ionization spectra of the water clusters by assigning the one-site states. In Fig. 6 , the one-site double ionization spectrum of the H-donor water molecule is depicted in red colors and that of the H acceptor is depicted in black. The structure of each of these spectra is analogous to the double ionization spectrum of H 2 O discussed above. The H-donor one-site spectrum is subjected to a shift of approximately 2 eV towards lower energies compared to the water spectrum, that of the H-acceptor water molecules is shifted by approximately 1 eV to higher energies. Interestingly, these shifts are smaller than those found in the singly ionized states.
Above 55 eV, the states in the one-site double ionization spectrum of the dimer are no longer well represented by their 2h contributions alone. Interestingly, the onset of the inner valence/outer valence one-site spectrum coincides with the onset of important 3h1p contributions to the doubly ionized states. Line bundling and clear breakdown of the molecular orbital picture are thus observed at lower energies than for the isolated water molecule. Indeed, ICD of doubly ionized states of the dimer takes place and is not present in the water molecule. 15 The one-site double ionization spectra of the cyclic clusters ͑H 2 O͒ 3 and ͑H 2 O͒ 4 are assigned more easily by comparison to the water spectrum than for the water dimer because all water molecules are ͑nearly͒ equivalent and the interaction between them weaker. Consequently, their double ionization spectra are characterized by groups of nearly degenerate lines. The energies of corresponding line groups in the spectra of ͑H 2 O͒ 3 and ͑H 2 O͒ 4 are very similar to each other. The one-site double ionization spectrum of the water dimer shows the most complex composition among the onesite spectra discussed here because the cluster is composed of nonequivalent monomers with different electrostatic properties Let us now discuss the two-site spectra and begin with the water dimer. The outer valence of the water molecule consists of three energy levels with energy gaps of 2 and 4 eV between them. These levels are assigned as "low ͑l͒," "medium ͑m͒," and "high ͑h͒" in the following. Furthermore, each water molecule contributes an inner valence level, at an ionization energy of 14 eV above the highest outer valence level "h." The two-site spectrum of the water dimer and the cyclic clusters consists of all combinations between the "l," "m," "h," and inner-valence levels on different water molecules. Energetically, the outer-valence part of the spectrum begins with l/l lines followed by l/m lines, which precede m/m lines. The latter are followed by l/h lines, which precede m/h and h/h lines. Singlet and triplet states of the two-site spectrum are not resolved in Fig. 6 because the exchange interaction between electrons on different monomers is very small. Specifically, for the water dimer in The two-site spectrum of ͑H 2 O͒ 3 may readily be assigned by comparison to that of ͑H 2 O͒ 2 . The energies of lines with iv hole contributions, in particular, are similar for both clusters. The outer valence spectra appear rather different at first sight due to the larger number of states with similar characteristics in the spectrum of ͑H 2 O͒ 3 . The energies of corresponding states in the spectra are nevertheless rather similar. The energy difference between the H-donor and the H-acceptor water molecule of ͑H 2 O͒ 2 is averaged out in the two-site spectrum of the dimer because it is necessary to ionize both H donor and H acceptor to create a two-site state. The average two-site ionization energy is consequently similar for ͑H 2 O͒ 2 and ͑H 2 O͒ 3 for states with similar hole characteristics.
The two-site double ionization spectrum of ͑H 2 O͒ 4 is somewhat more complex than the respective spectra of ͑H 2 O͒ 2 and ͑H 2 O͒ 3 . As a consequence of the cyclic structure of the cluster, each water molecule has two direct neighbors ͑adjacent molecules͒ and one water molecule opposite to it ͑opposite molecule͒. The O-O distance between opposite water molecules is 4.05 Å, that between adjacent monomers is only 2.86 Å. The hole-hole repulsion between adjacent and opposite pairs of water molecules differs consequently by roughly 1.5 eV. The two-site spectrum of adjacent hole localization is plotted in orange in Fig. 6 , that of opposite two-site states in green. The energies of the orange lines obviously coincide with the energies of corresponding states in the two-site spectrum of ͑H 2 O͒ 3 for iv/ov and iv/iv states, i.e., at ionization energies above 45 eV. The ov/ov energies of the adjacent two-site spectrum are also very similar to those of the corresponding states in the spectrum of ͑H 2 O͒ 3 . Because of the richness of the spectrum, this similarity is harder to recognize, though.
In the iv/iv and ov/iv parts of the spectrum, one observes that each orange ͑adjacent͒ line group is indeed preceded by a green ͑opposite͒ one. The energy gap is approximately 1.5 eV, according to the different hole-hole repulsion estimated above. The same pattern is found, though less obvious because of overlapping line groups, in the ov/ov spectrum. The extra lines in figure VII connecting spectra of different clusters, colored in cyan and magenta, help to identify corresponding line groups. The presence of two-site states with holes on opposite water molecules is responsible for the comparingly low double ionization potential of ͑H 2 O͒ 4 , which leads to a slightly broader kinetic energy distributions of ICD electrons than for the other clusters as discussed in Sec. V B.
Above 50 eV for ͑H 2 O͒ 2 and 45 eV for ͑H 2 O͒ 3-4 , the two-site spectrum of ͑H 2 O͒ 3 and ͑H 2 O͒ 4 is characterized by distributions of lines with particularly low spectral intensities. These line groups, and also those of the one-site spectrum above 50 eV, show pronounced line bundling. We have calculated the triple ionization potential of ͑H 2 O͒ 2 , ͑H 2 O͒ 3 , and ͑H 2 O͒ 4 to find out whether this line bundling may be related to electronic decay processes of the doubly ionized states by quadratic configuration interaction single double ͑QCISD͒ methods. We find that the triple ionization threshold is about 60 eV for ͑H 2 O͒ 2 , whereas it is only about 50 eV for ͑H 2 O͒ 3 and ͑H 2 O͒ 4 . Although computed by different ab initio methods, the possible error of the relative energies between the triple ionization threshold and the energies of the double ionization spectrum is too small to affect our results qualitatively. We conclude that for the larger clusters ͑H 2 O͒ 3 and ͑H 2 O͒ 4 most structures showing pronounced line bundling are above the triple ionization threshold. The line bundles located above 50 eV certainly correspond to dicationic states which are subjected to electronic decay processes. We further note that the onset of line bundling in the double ionization spectrum of ͑H 2 O͒ 2 is in the energy region of the triple ionization threshold. Clearly, electronic decay is also relevant to understand the higher energy part of this spectrum.
VII. SUMMARY AND CONCLUSION
We have analyzed the ionization and double ionization spectra of the water molecule, the water dimer, and the cyclic water trimer and tetramer calculated by Green's function methods. The mean valence ionization energies of all related states of all water clusters studied here are close to the valence ionization energies of water. Differences of individual energies to those of the water molecule are found in the cluster spectra due to water-water interactions. The valence ionization spectrum of the water dimer shows the most prominent deviations from the ionization spectrum of water. In contrast to the cyclic clusters, the water dimer is composed of two nonequivalent water molecules, the H acceptor and the H donor of the H bond connecting the two water monomers. The ionization energies of the H-donor water molecule are considerably smaller than the ionization energies of the H-acceptor water molecule.
In the cyclic clusters, the energy splittings of similar levels of different water molecules which would be degenerate in the absence of interactions, are rather the result of MO-MO interactions and not of the H bonds interconnecting the cluster monomers. These energy splittings are consequently smaller than the energy differences between the H-donor and the H-acceptor units, found in the spectrum of ͑H 2 O͒ 2 . This leads to the interesting finding that the ionization potential of the water dimer is smaller than that of the cyclic water clusters. The total impact of the MO-MO interactions increases with increasing number of water molecules in the cyclic clusters and this is also favored by the changing relative orientation of the water molecules. Consequently, the ionization potential of the cyclic clusters decreases with increasing number of water molecules and the outer valence ionized states evolve from being localized on one water molecule to being delocalized over several water molecules.
Already the inner valence ionization spectrum of the isolated water molecule shows a breakdown of the molecular orbital picture. The characteristics of a breakdwon of the MO picture are, however, much more prominent in the inner valence spectra of the clusters. The number of lines increases disproportionate to the number of water molecules in the cluster. The spectral intensity of individual lines clearly decreases from H 2 O to ͑H 2 O͒ 2 and from ͑H 2 O͒ 2 to the larger clusters. In contrast to the inner valence ionized state of water, the respective states of the water clusters are above the double ionization threshold and may thus undergo electronic relaxation processes via electron emission. We have shown by means of a population analysis that ionized states with two holes, one on each of the two water monomers, and an electron in diffuse virtual orbitals, contribute significantly to the inner valence ionization of the water dimer. This is characteristic for ionized states decaying by ICD. Clearly, the inner valence ionized states of the cyclic water clusters undergo the same kind of electronic decay processes as the inner valence ionized states of the water dimer.
We have crudely estimated the kinetic energy spectrum of the ICD electrons emitted following inner valence ionization of the investigated water clusters. Owing to the many contributing states and open channels and the approximations ͑equal decay probability of each computed state to each computed final state͒ used, the kinetic energy spectra of the ICD electrons are rather similar for all three clusters. The majority of these electrons acquire kinetic energies below 8 eV and the distributions exhibit an oscillatory behavior. These estimated distributions of the kinetic energies of the ICD electrons emitted following inner valence ionization of small water clusters should be at least useful for the setup of measurements of intermolecular electronic decay processes.
The double ionization spectra of the water clusters are very rich in structures and phenomena. Each spectrum contains several subspectra of different physical origin. One kind of subspectra is due to the "one-site" doubly ionized states describing the double ionization of one of the clusters' molecules. The other kind is due to the "two-site" states with two holes, each on a different molecule of the cluster. This delocalization of the holes reduces substantially the double ionization potential of water clusters placing it below the water inner valence ionization energy and opening in this way the channel for ICD. The two-site double ionization energies are similar for ͑H 2 O͒ 2 and ͑H 2 O͒ 3 and for those states describing ionization from two adjacent water molecules of ͑H 2 O͒ 4 . The two-site states with one hole charge on each of the two opposite water molecules of ͑H 2 O͒ 4 appear at approximately 1.5 eV lower energies than the corresponding states with holes on adjacent molecules. Consequently, the two-site double ionization spectrum of the tetramer is more complex than those of the water dimer and trimer. The one-site double ionization spectra of the clusters may be readily assigned by comparison to the spectrum of the water molecule. In contrast to the case of the two-site spectrum, the one-site spectrum of ͑H 2 O͒ 2 is more complex than the other spectra because the two water molecules are not equivalent.
Like for the single ionization, also the double ionization spectra of all systems investigated here show characteristics of a breakdown of the MO picture. In addition, the latter spectra of the clusters also exhibit the fingerprints of ICD. Interestingly, the triple ionization threshold of H 2 O is 85 eV, that of ͑H 2 O͒ 2 is approximately 60 eV, and that of the cyclic clusters approximately 50 eV. As a consequence, most of the doubly ionized states of the clusters in the energy range of the breakdown of the MO picture are subjected to relaxation by secondary electron emission. We conclude that electronic decay must be taken into account to unterstand both valence ionization and double ionization processes of water clusters and hope that the present contribution will thus stimulate further studies on intermolecular electronic decay processes in water clusters.
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